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Abstract

:

Foam concrete has been used in various real-life applications for decades. Simple manufacturing methods, lightweight, high flowability, easy transportability, and low cost make it a useful construction material. This study aims to develop foam concrete mixtures for various civil and geotechnical engineering applications, such as in-fill, wall backfill and soil replacement work. A blended binder mix containing cement, fly ash and silica fume was produced for this study. Its compressive strength performance was compared against conventional general purpose (GP) cement-based foam concrete. Polypropylene (PP) fibre was used for both mixtures and the effect of various percentages of foam content on the compressive strength was thoroughly investigated. Additionally, two types of foaming agents were used to examine their impact on density, strength and setting time. One foaming agent was conventional, whereas the second foaming agent type can be used to manufacture permeable foam concrete. Results indicate that an increase in foam content significantly decreases the strength; however, this reduction is higher in GP mixes than in blended mixes. Nevertheless, the GP mixes attained two times higher compressive strength than the blended mix’s compressive strengths at any foam content. It was also found that the foaming agent associated with creating permeable foam concrete lost its strength (reduced by more than half), even though the density is comparable. The compressive stress–deformation behaviour showed that densification occurs in foam concrete due to its low density, and fibres contributed significantly to crack bridging. These two effects resulted in a long plateau in the compressive stress–strain behaviour of the fibre-reinforced foam concrete.
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1. Introduction


Foam concrete has been used as a construction material for flooring systems in Europe and the United States since the first part of the 20th century and it was granted a patent in 1934 [1,2]. In general, foam concrete is a mixture of cement, water and air bubbles produced from a foaming agent. Consequently, foam concrete has a significantly lower density and strength than ordinary concrete [3,4]. Supplementary cementitious materials, such as fly ash and silica fume, can be used in foam concrete to reduce the percentage of cement usage [5].



Fresh foam concrete mix is highly flowable and self-compacted in nature. Therefore, it can safely and efficiently be placed in some confined or problematic areas, such as tunnels, trenches, pipes, wall backfills [6], road bases [5,7], soil replacement, concrete flooring, concrete panels, concrete blocks, roadside noise barriers [8,9,10,11,12,13], insulating materials [14,15], and other places where routine soil replacement works are difficult to maintain.



Typically, the cast density, thermal conductivity and the modulus of elasticity of foam concrete range from 200 to 1900 kg/m3, 0.1–0.7 W/mK and 1–8 GPa, respectively [7,16,17]. The compressive strength of foam concrete varies substantially depending on the mix design and density requirement. The stability of foam is crucial in manufacturing foam concrete. The instability of air bubbles can lead to a nonhomogeneous mix (segregation of the constituents) and a higher percentage of variation in the unit weight of foam concrete. Foam stability depends on many parameters, e.g., foaming agent type and concentration, w/c ratio of the mix, foam content, mixing method and duration, curing method and type of binders. As a result, controlling bubble stability remains an active field of research. In foam concrete, a highly influential parameter is the percentage of foam content that directly influences the strength, density and stability of the bubble networks of the product. The higher the rate of foam content, the lower the density and compressive strength of the foam concrete [18,19].



Therefore, it is important to investigate the effect of foam content and type on the stability of the foam concrete with varied density. In addition, the use of sustainable/recycled materials, such as fly ash, slag and silica fume as supplementary cementitious materials, is becoming important to achieve net-zero targets. Fly ash is a very common supplementary cementitious material that can reduce the permeability of concrete and increase the durability of concrete against elevated temperatures [20]. On the other hand, silica fumes are reported to improve the flexural and thermal behaviour of almost all types of concrete specimens [20,21]. Moreover, an extensive amount of research on the fresh and hardened state properties of plain foam concrete was conducted in the past [17,22,23,24,25,26,27,28,29,30,31,32,33]; however, research on fibre-reinforced foam concrete with a blend of cementitious materials is limited in the literature [34,35].



This study aims to reveal foam concrete mixes with various percentages of foam content and their ultimate strength prediction models relating to 3-day compressive strength. Two foam concrete mixes, each containing multiple percentages of foam content, are developed and their physical and mechanical properties are experimentally investigated and compared. This study terms one foam concrete mix as “Blended” and another as “GP cement”. The blended mix contains a blend of Australian general purpose (GP) cement with fly ash and silica fume as the binders. The GP cement mix contains only Australian GP cement as a binder.



The blended mix of the foam concrete developed in this study could be suitably used in various civil engineering fields. As the Blended mix replaces a certain percentage of Portland cement with supplementary cementitious materials, such as fly ash and silica fume, which are industrial by-products, the Blended foam concrete mix would be an environmentally friendly sustainable foam concrete mix for the construction industry. To summarise, the main objectives of this study are



	
Developing a mix design with supplementary cementitious materials with varying foam content;



	
Examining the effect of foam content on the density and compressive strength of the developed mix design and comparing it against conventional cement-based foam concrete;



	
Comparing two types of foaming agents with different properties to explore their effect on the physical and mechanical properties of blended mixes.







2. Materials and Methods


2.1. Materials


To achieve the objectives of the study, the following variables are used:




	
Two types of mix designs, designated as blended and GP (general purpose) cement



	
Two different types of foaming agents: one foaming agent (AERLITE-IX™) is a conventionally used synthetic foaming liquid concentrate and another foaming agent (AQUAERiX™) is a permeable foam liquid concentrate. The foaming agents were sourced from Aerix Industries, Allentown, PA, USA.








The blended mixes were designed using cement, fly ash, silica fume, polypropylene (PP) fibres, water and foaming agents, whereas the GP mixes constitute cement, PP fibre, water and foaming agents. Details of these constituents are as follows:



2.1.1. Binders


Portland cement is known as general-purpose (GP) cement in Australia. Both GP cement and fly ash (Class F) were procured from Cement Australia Pty Ltd. (North Geelong VIC, Australia) and silica fume was supplied by Synergy Pigments Australia (Welshpool, Australia). According to the manufacturer specifications, the chemical composition of the fly ash is reported as follows—SiO2 (55.6%), CaO (3.5%), Al2O3 (27.2%), Fe2O3 (8.3%), K2O (0.85%), MgO (1.2%), Mn2O3 (0.1%), Na2O (0.36%), P2O5 (0.8%), SO3 (0.1%), TiO2 (1.5%), and moisture content of 0.1%. Loss of ignition and relative density were reported as 1.2% and 2.33, respectively. Fineness passing 45 µm sieve was 85%.



The particle size of the silica fume is approximately 100 times smaller than the average cement particles. The chemical composition of the silica fume is reported by the manufacturer as follows—SiO2 (93.16%), Fe2O3 (0.11%), Al2O3 (0.82%), CaO (0.3%), MgO (0.62%), K2O (0.51%), Na2O (0.43%), C (0.007%), SO3 (0.004%), Cl (0.003%), free Si (0.007%), and moisture content of 0.232%. Loss of ignition and relative density were reported as 3% and 660 kg/cm3, respectively. Fineness passing 45 µm sieve was 96.77%.




2.1.2. Foaming Agents


Both the conventional and permeable foam liquid concentrates used in this study are synthetic foaming agents. The former is utilised to produce general lightweight foam concrete, whereas the latter is applied to manufacture permeable low-density foam concrete where increased drainage is needed. The components of conventional synthetic foaming agent, as provided by the manufacturer datasheet, are water (40–50%), anionic surfactant (10–20%), amphoteric surfactant (5–15%), detergent (1–5%), isopropanol (1–5%), hexylene Glycol (1–5%), glycerine (<2%), FeSO4 (0.1–<1%), and ZiO (0.1–<1%). The components of the permeable foam liquid concentrate, however, are water (53–85%), ammonium alcohol (C6-10), ether sulphate (5–15%), cocamidopropyl betaine (4–7%), detergent (5–15%), and anionic surfactant (1–10%). The second type of foaming agent was selected to investigate the effect of permeability on the foam concrete properties since foam concrete is often used as soil replacement where permeability is desired.




2.1.3. PP Fibres


Generally, PP fibres control plastic shrinkage and prevent crack formation and propagation in the hardening phase of concrete [20,36]. Also, PP fibres enhance the tensile strength of concrete and help concrete elements achieve ductile behaviour [36]. This study procured PP fibres (commercial name: Danbar 900 g MicroPoly Fibres) from Danbar Micro Poly Fibres Australia (Horshan, VIC, Australia) and used them in fresh mixes of foam concrete to improve the deformation characteristics of the hardened foam concrete. The fibre length was 10–15 mm with a reported tensile strength of 650 MPa.





2.2. Mix Design


2.2.1. Effect of Foam Volume


Table 1 and Table 2 present the mix designs for blended and GP cement foam concrete with various percentages of foam contents, respectively. For this objective, conventional foam is used as a foaming agent to produce both mixes. The conventional foam concentrate was diluted with water at a ratio of 1:36. In the blended mixes, Blended-65, Blended-60, Blended-55, Blended-50, Blended-40 and Blended-30 corresponds to 35, 40, 45, 50, 60 and 70% of foam content, respectively. The mix ratio of binders (cement, fly ash and silica fume) in the blended mixes is 0.5:0.4:0.1, and the ratio of water to binders (w/b) is 0.4. PP fibres were used with an amount of 0.2% of the total volume to improve certain properties (tensile strength and shrinkage cracking) of the foam concrete.



In the GP cement mixes, GP cement-57, GP cement-51, GP cement-46, GP cement-41, GP cement-32, and GP cement-23 correspond to 43, 49, 54, 59, 68, and 77% of foam content, respectively. The ratio of water to cement (w/c) is maintained at 0.5 in the GP cement mixture.



The desired range of density of foam concrete is 400–1200 kg/m3, and one of the objectives of this study was to examine the effect of foam content. In this study, the foam content variation was considered within the range of 30–75% of the total volume. Considering the desired range of foam content and density, the slurry density was targeted at around 1700 kg/m3. The mix design was selected to achieve this initial slurry density. The slurry density before adding foam was 1685 ± 11.88 kg/m3 for the blended mix and 1705 ± 19.32 kg/m3 for the GP cement mix. Following the addition of the foam agent, the density was changed, which is reported in Section 3.1.




2.2.2. Effect of Foaming Agent


For this objective, both blended and GP cement mixtures were manufactured using these foaming agents, and the foam content percentage was kept at 50% for both mixes. The conventional foaming liquid and permeable foaming concentrate were diluted with water at 1:36 and 1:50 to produce foams, respectively, as per the manufacturer’s recommendation. The mix designs of blended and GP cement prepared with both foaming concentrates are given in Table 3.




2.2.3. Sample Preparation


To produce blended and GP mixes, the ingredients were first mixed in a dry condition in an automatic mixture machine for 2–3 min. Then, the required amount of water was added to the dry mix and the mixing continued for another 2–3 min. After that, the required foam volume was added to the mixture and the mixing was continued for an additional 2 min to obtain a homogeneous and stable cell structure. Afterwards, the fresh blended and GP cement mixtures were poured into cubes (100 mm) to set.



As both the mixtures are completely self-compacted, no compaction methods are applied to the mixes. Moreover, air curing was applied to the cube samples until the compressive strength tests were conducted. Compressive strength was conducted at 3, 7 and 28 days, and for each case, 3 samples were tested, resulting in a total of 108 samples (2 types of mixes × 6 foaming volumes × 3 curing duration × 3 samples). Additionally, 36 samples (2 types of mixes × 2 foaming agents × 3 curing duration × 3 samples) were fabricated to examine the effect of foaming agents.





2.3. Test Setup


Cast or wet density was measured for all the samples after 30 min of casting. Thus, it represents the density of fresh (wet) concrete. The wet density of the foam concrete was measured following the guidelines of ASTM C138/C138M-17a [37]. Figure 1 shows sample preparation, measuring wet density and final hardened samples. Initial and final setting times were measured for limited samples to obtain a general perception of the time required for the foam concrete to set since it can be significantly longer than ordinary concrete. Vicat apparatus was used to determine the initial and final setting time, as depicted in Figure 2a. The compressive strength tests of all the samples were conducted using an Instron universal testing machine at a displacement control rate of 0.25 mm/s. Figure 2b illustrates the test setup for determining compressive strength.





3. Results and Discussion


3.1. Effect of Foam Content on Density


Figure 3 illustrates the changes in density of both types of cement mixes with increasing foam content. As expected, density reduced with increased foam volume. Change in density as a function of foam volume can be considered linear for blended mix within the range considered in this study. However, the GP cement mix’s density varies non-linearly as foam volume increases. Beyond 50% foam volume, the reduction in density is higher. As the foam amount increases, the possibilities of various bubble networks increase, which in turn can make some networks unstable, affecting the density.



Even though the blended binder mix attained lower densities compared to its GP cement counterpart, it exhibited a more stable void network. For instance, GP mixes containing for than 50% foam volume witnessed a concave-shaped top surface with an approximate depth of 3–4 mm, as shown in Figure 4. This occurred after the foam concrete hardened and possibly due to the collapse of some void/bubble network within the samples. As the density decreases in foam concrete, stabilisation of the bubble network is difficult to achieve, resulting in dimensional instability [38]. However, this effect was negligible in the blended mix samples containing more than 50% foam volume. Lastly, this figure also compares the difference in fresh and hardened densities of both the mixes and the difference between these two was found to be negligible.




3.2. Effect of Foam Content on Compressive Strength


Figure 5 depicts the change in mean compressive strength with increased foam volume. It also compares the strength gain in 3, 7 and 28 days. The compressive strength of all the samples along with the standard deviation can be found in Appendix A. While comparing GP mix vs. blended mix, it is apparent that GP mixes attained significantly higher compressing strength than blended mixes. At approximately 45% foam volume, the 28-day compressive strength of the GP mix is almost 3.9 times higher than the same of the blended mix. In terms of strength gain, at 3 and 7 days, respectively, the GP mixes attained 45 and 62% of its 28-day strength (at 43% foam content), while these gains are 54 and 76% for the blended mix (at 45% foam content).



The use of fly ash slows down the strength gain. Lam and Poon reported that a 45% replacement of cement using fly ash (with water to cement ratio of 0.4) reduced the 3-day compressive strength by 58% (from 35 MPa to 14.5 MPa) [39]. This reduction is 29% for 28-day compressive strength. They also found that for the same water-to-cement ratio, a binder with 55% cement, 40% fly ash and 5% silica fume yielded a reduction of 26% at 28-day compressive strength.



While compressive strength reduces with increasing foam volume, the difference in strength between GP and blended mix is found to be converging. This is possibly attributed to the unstable void network in blended mixes at higher foam content, as discussed before. Also, as the foam content increases, the properties of the mix are governed less by the properties of the binder. Therefore, the void network plays a more important role that is possibly responsible for the convergence of strength between blended and GP mixes. The compressive strength requirement for infill, as per Vic Roads Technical note TN007 [40], is 0.5–2 MPa, which was achieved for all the foam volume contents considered in this study, except the 70% foam volume case related to blended mix where the 28-day compressive strength was 0.48 MPa.




3.3. Effect of Foaming Agents


To compare the effect of foaming agents (conventional foaming liquid vs. permeable foaming concentrate), both blended and GP cement mixtures were manufactured with 50% foam volume. Table 4 compares the cast densities of blended and GP cement fabricated with conventional foaming liquid and permeable foaming agents. It is deduced from this table that foaming agent types may affect the density of the foam concrete. Regardless of the mix type, foam concrete prepared with permeable foaming concentrate shows lower density than that prepared with Aerlite-IX. Blended and GP cement mixes prepared using permeable foaming concentrate achieved 6% and 2% lower density than those produced utilising Aerlite-IX, respectively. The effect of foam agent types on the density variation could be significant depending on the foam percentage in the mixes.



Figure 6 compares the compressive strength of the blended and GP cement cube samples prepared with conventional foaming liquid and permeable foaming concentrate. As shown in this figure, irrespective of age and foam concrete mix type, samples prepared with conventional foaming liquid have significantly higher compressive strength than those made of permeable foaming concentrate as a foam concentrate. With the 3-, 7- and 28-day compressive strength, the blended mixes prepared with permeable foaming concentrate were found to be 50, 54 and 45% lower compared to the same mixes manufactured using conventional foaming agents, respectively. Similarly, the 3-, 7- and 28-day compressive strength of the GP cement mixes prepared with permeable foaming concentrate are found to be 54, 56 and 53% lower compared to the same mixes manufactured using conventional foaming agents, respectively.



Thus, compared to the ultimate strength of a foam concrete mix prepared with a conventional foaming agent, the strength of the same mix can be compromised by more than 50% when it is produced with permeable foaming concentrate. However, both the foaming agents attained the minimum strength requirement for infill (0.5–2 MPa, as per Vic Roads Australia) application, and the use of permeable foaming concentrate can be beneficial where drainage through the foam concrete is preferred.



Unlike ordinary concrete, the initial setting time of a foam concrete mix may vary from 6 to 7 h and the final setting time may vary between 11 and 22 h. Therefore, the setting time of the mixes was examined in this study. Both foam concrete specimens were prepared using 70% foam content to record the setting time. The 70% foam concrete was selected since it is the most common foam content utilised by the industry partner. Hence, the conventional foaming liquid concentrate was diluted with water at a ratio of 1:40 and the permeable foaming concentrate was diluted with water at 1:50 to obtain the required foam content.



The setting time of the blended and GP cement mixes was assessed using a Vicat apparatus and listed in Table 5. The foam concrete mix prepared with the conventional foaming liquid concentrate was observed to set faster than the same mix prepared with permeable foaming concentrate.




3.4. Optical Microscopic Analysis of Hardened Foam Concrete


Figure 7a–d shows photographs of pore structures of hardened foam concrete specimens with a density of approximately 550 to 800 kg/m3. Numerous well-distributed air pockets/voids are observed in the foam concrete samples. Void sizes are found to be highly dependent on the percentage of foam content used. When the percentage of foam content is high, and the cement paste volume is kept low, easily moveable air bubbles tend to be close to each other during the mixing and before setting. As a result, bigger-sized air pockets are formed in the foam concrete with a high percentage of foam content, as shown in Figure 7b. Also, the water-to-cement and water-to-binder ratios can play an important role in forming air voids. If a higher percentage of water content is used in a mix, it reduces the viscosity of the cement paste. Consequently, bubbles in the fresh foam concrete mix coalesce easily and form larger-sized air pockets [41].



Larger air pockets improve thermal insulation, which is beneficial if the product is intended to be used for building materials. However, larger air pockets decrease the strength of the material significantly. In contrast, bigger air pockets increase the permeability of foam concrete, which can be useful if foam concrete is intended to be used for soil replacement.



PP fibres are expected to restrict the movement of air bubbles. As a result, the formation of larger air pockets in fresh foam concrete were prevented. Foam concrete with smaller-sized air pockets contributes to achieving higher compressive strength. Also, PP fibres improve the tensile strength and ductility of the foam concrete by creating bridges between pores.



Fly ash (FA) and silica fume (SF) affect the formation of pore structures in foam concrete. Replacing Portland cement with FA decreases the apparent viscosity of the fresh cement paste [42]. Consequently, larger-sized air voids could be formed in the foam concrete with a compromise in compressive strength. In contrast, replacing Portland cement with SF enhances the plastic viscosity of the paste substantially because the specific surface areas of SF particles are approximately 50 times larger than that of cement particles [43]. Therefore, SF could contribute to preventing the free movement of air bubbles in the fresh cement paste, resulting in a more stable void network, as described in Section 3.1 and Section 3.2.





4. Material Behaviour of Foam Concrete


4.1. Stress–Deformation Behaviour of Foam Concrete


Constitutive law of concrete is often required for numerical simulation or prediction of strength. This section discusses the compressive stress vs. deformation behaviour of fibre-reinforced foam concrete under compression. The compressive strain was determined as the ratio of the machine head displacement to the original height (100 mm) of the prisms.



Figure 8 and Figure 9 depict the compressive stress vs. strain behaviour of blended and GP mixes, respectively, with increasing foam content. In general, both the mixes exhibited long plateau following the peak strength. This is due to the contribution of the fibre. However, there is a drop in peak stress in GP mixes with lower foam content (foam 43 and 49%) before reaching the plateau, whereas this drop is less in the blended mixes. The plateau is almost at the same level as the peak stress for higher foam content (59–70%). This happens due to the densification of the samples in the case of foam concrete due to its lower density, and, indeed, densification is higher for increased foam content due to its lower density.



The effect of fibres on the compressive behaviour of normal concrete is mostly limited to the fracture energy. The improvement in load-carrying capacity is minimal for fibre-reinforced concrete. The compressive stress–strain behaviour remains very similar between plain concrete and fibre-reinforced concrete [42], albeit with slightly higher strength and toughness (area under the stress–strain curve). The increase in fracture energy/toughness is due to the effect of crack bridging (i.e., delayed crack opening), provided by the fibre. However, the behaviour of the foam concrete is found to be considerably different from plain or fibre-reinforced concrete.



Figure 10 depicts the typical behaviour of foam concrete that also shows the densification effect, as mentioned before. The GP mix with 43% foam content behaves similarly to Figure 10 where a clear densification stage is obvious. However, the formation of multiple cracks and densification occurs concurrently in other situations, leading to a long stress plateau. The densification of samples is illustrated in Figure 11 and Figure 12 for blended and GP mixes, respectively. Densification is a common mechanism in porous materials with low hardness, e.g., densification in timber is common.



The densification of samples is illustrated in Figure 11 and Figure 12 for blended and GP mixes, respectively.




4.2. Prediction of Compressive Strength


Based on the compressive strength test results, the 7-day and 28-day strength prediction formulas are established relating to the 3-day strength of the mix. Irrespective of the foam content, Equations (1) and (2) estimate the 7- and 28-day strength of the blended mix, respectively. Moreover, Equations (3) and (4) predict the 7- and 28-day strengths of the GP cement mix depending on the 3-day strength, respectively.



The 7- and 28-day strengths of the blended mix are 1.37 and 2.06 times the 3-day strengths, respectively. GP cement mix also presents almost the same coefficients, as shown in Equations (1)–(3).


    f   c 7 . B l .   = 1.37     f   c 3 . B l .    



(1)






    f   c 28 . B l .   = 2.06     f   c 3 . B l .    



(2)






    f   c 7 . G P   = 1.37     f   c 3 . G P    



(3)






    f   c 28 . G P   = 2.13     f   c 3 . G P    



(4)




where     f   c 3 . B l .    ,     f   c 7 . B l .    ,     f   c 28 . B l .     = 3-, 7- and 28-day compressive strengths of the blended mix, respectively, and     f   c 3 . G P    ,     f   c 7 . G P    ,     f   c 28 . G P     = 3-, 7- and 28-day compressive strengths of GP mix, respectively.





5. Conclusions


This experimental study investigates the properties of two foam concrete mixes—blended and general purpose (GP) cement. The blended mix consisted of Portland cement and supplementary cementitious materials, such as fly ash and silica fume, as binders. In contrast, GP cement contained Portland cement only as a binder. PP fibres are used in both mixes. Also, the influence of foaming agent types on the properties of the foam concrete mixes was investigated. This study describes the effect of foaming agent types, foam content and supplementary cementitious materials on the density, setting time and compressive strength of the mixes.



The key conclusions of this study are as follows:




	
The duration of the mixing of the constituents highly influences the strength and density of the foam concrete. Improper mixing does not yield homogeneous cell structures. Over-mixing destroys some percentage of air bubbles, leading to an increase in the density and a reduction in the volume of the product.



	
The use of supplementary cementitious materials is becoming increasingly common to meet the sustainability goals of various projects. However, early strength gain was found to be lower for the blended mix. Therefore, if early strength gain is desirable/needed, admixture in the blended mix or GP mix can be used.



	
Unlike ordinary concrete, the initial setting time of a foam concrete mix may vary from 6 to 7 h and the final setting time may vary between 11 and 22 h. The foam concrete mix prepared with the conventional foaming liquid concentrate was observed to set faster than the same mix prepared with permeable foaming concentrate (used for making permeable foam concrete). This should be noted when foam concrete is selected for a particular application.



	
Foaming agent types substantially affect the strength and density of foam concrete mix. Irrespective of age and foam concrete mix type, samples prepared with conventional foaming liquid showed significantly higher strength (at least two times) and density than those made of permeable foaming concentrate as a foam concentrate.



	
A higher percentage of foam content in a foam concrete mix results in the formation of larger-sized air pockets that enhance the thermal insulation and permeability of the product. However, larger air pockets decrease the strength of the product significantly.



	
PP fibres help slow down the formation of bigger air pockets and contribute to achieving higher strength and ductility of the foam concrete by creating bridges between pores.



	
The constitutive behaviour of the blended and GP mixes under compression was discussed. While both behave similarly, it is apparent that fibre-reinforced foam concrete behaves differently from fibre-reinforced plain concrete. A long post-peak plateau is observed in fibre-reinforced foam concrete, which is due to the combined effect of multiple crack formation and densification.








This study recommends investigating the effects of regional climate conditions on foam concrete mixes and the flexural and shrinkage behaviour of the mixes in a future study.
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Appendix A. Compressive Strength Data




 





Table A1. Compressive strength of the blended mixes.






Table A1. Compressive strength of the blended mixes.





	
Blended

Mixes

	
3 Day Strength (MPa)

	
7 Day Strength (MPa)

	
28 Day Strength (MPa)




	
S1

	
S2

	
S3

	
M ± SD

	
S1

	
S2

	
S3

	
M ± SD

	
S1

	
S2

	
S3

	
M ± SD






	
Blended-65

	
1.72

	
2.18

	
2.18

	
2.03 ± 0.26

	
3.42

	
2.99

	
2.59

	
2.99 ± 0.42

	
3.75

	
3.88

	
3.87

	
3.83 ± 0.08




	
Blended-60

	
1.32

	
1.42

	
1.35

	
1.36 ± 0.05

	
1.91

	
2.01

	
2.05

	
1.99 ± 0.08

	
3.15

	
2.98

	
3.18

	
3.1 ± 0.11




	
Blended-55

	
1.39

	
1.09

	
1.06

	
1.17 ± 0.18

	
1.71

	
1.61

	
1.63

	
1.65 ± 0.05

	
2.19

	
2.26

	
2.10

	
2.18 ± 0.08




	
Blended-50

	
1.11

	
1.09

	
1.11

	
1.10 ± 0.01

	
1.55

	
1.51

	
1.48

	
1.51 ± 0.04

	
2.04

	
1.82

	
2.46

	
2.11 ± 0.32




	
Blended-40

	
0.74

	
0.71

	
0.61

	
0.68 ± 0.07

	
0.93

	
0.88

	
0.85

	
0.88 ± 0.04

	
1.44

	
1.65

	
1.58

	
1.56 ± 0.11




	
Blended-30

	
0.20

	
0.23

	
0.25

	
0.23 ± 0.03

	
0.30

	
0.26

	
0.28

	
0.28 ± 0.02

	
0.48

	
0.57

	
0.40

	
0.48 ± 0.09








M = mean, SD = standard deviation.













 





Table A2. Compressive strength of the GP mixes.






Table A2. Compressive strength of the GP mixes.





	
Blended

Mixes

	
3 Day Strength (MPa)

	
7 Day Strength (MPa)

	
28 Day Strength (MPa)




	
S1

	
S2

	
S3

	
M ± SD

	
S1

	
S2

	
S3

	
M ± SD

	
S1

	
S2

	
S3

	
M ± SD






	
GP cement-57

	
3.77

	
3.97

	
3.85

	
3.86 ± 0.11

	
5.28

	
5.21

	
5.45

	
5.31 ± 0.12

	
8.44

	
8.89

	
8.54

	
8.62 ± 0.23




	
GP cement-51

	
2.80

	
2.71

	
2.84

	
2.78 ± 0.07

	
4.12

	
3.79

	
4.00

	
3.97 ± 0.17

	
6.32

	
5.51

	
5.36

	
5.73 ± 0.52




	
GP cement-46

	
2.05

	
2.14

	
2.32

	
2.17 ± 0.14

	
3.15

	
3.18

	
3.30

	
3.21 ± 0.08

	
4.37

	
4.56

	
4.27

	
4.40 ± 0.15




	
GP cement-41

	
1.77

	
1.78

	
1.71

	
1.75 ± 0.04

	
2.62

	
2.18

	
2.22

	
2.34 ± 0.24

	
3.89

	
3.19

	
3.33

	
3.47 ± 0.37




	
GP cement-32

	
1.12

	
0.97

	
1.07

	
1.06 ± 0.08

	
1.36

	
1.30

	
1.42

	
1.36 ± 0.06

	
2.07

	
2.50

	
2.19

	
2.26 ± 0.22




	
GP cement-23

	
0.25

	
0.22

	
0.22

	
0.23 ± 0.01

	
0.31

	
0.28

	
0.28

	
0.29 ± 0.02

	
0.52

	
0.51

	
0.55

	
0.53 ± 0.02








M = mean, SD = standard deviation.
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Figure 1. Sample preparation and measurement of cast density, (a) Hardened samples (3 days old), (b) Measurement of cast density, (c) Mixing of fresh foam concrete. 
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Figure 2. Test setup for setting time and compressive strength. 
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Figure 3. Change in density of foam concrete with added foam content. 
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Figure 4. Unstable void network for low-density foam concrete. 
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Figure 5. Compressive strength as a function of foam volume. 
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Figure 6. Comparing compressive strength between two foaming agents. 
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Figure 7. Pore structures of hardened foam concrete: (a) GP cement mix with a foam content of 50%, (b) blended mix with a foam content of 70%, (c) GP cement mix with a foam content of 55% and (d) blended mix with a foam content of 50%. 
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Figure 8. Compressive stress vs. strain plot of blended mix (fc = compressive stress). 
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Figure 9. Compressive stress vs. strain plot of GP mix (fc = compressive stress). 
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Figure 10. Typical compressive stress vs. strain plot of foam concrete, reproduced with permission from [44]. 
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Figure 11. Failure modes after compression test (blended mix foam content 60%). 
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Figure 12. Failure modes after compression test (GP mix foam content 59%). 
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Table 1. Mix designs for the blended mixture.
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Blended

Mixes (w/b = 0.4)

	
Cement

	
Fly Ash

	
Silica Fume

	
PP Fibre

	
Foam

m3/m3

	
Water

(L/m3)




	
(kg/m3)






	
Blended-65

	
471

	
216

	
23

	
2.02

	
0.35

	
283




	
Blended-60

	
435

	
199

	
21

	
1.88

	
0.40

	
261




	
Blended-55

	
399

	
183

	
19

	
1.73

	
0.45

	
239




	
Blended-50

	
363

	
166

	
18

	
1.58

	
0.50

	
218




	
Blended-40

	
290

	
133

	
14

	
1.29

	
0.60

	
174




	
Blended-30

	
218

	
100

	
11

	
0.99

	
0.70

	
131











 





Table 2. Mix designs for the GP cement mixture.
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GP Cement

Mixes (w/c = 0.5)

	
GP Cement

	
PP Fibre

	
Foam

m3/m3

	
Water

(L/m3)




	
(kg/m3)






	
GP cement-57

	
821

	
2.50

	
0.43

	
410




	
GP cement-51

	
744

	
2.30

	
0.49

	
372




	
GP cement-46

	
670

	
2.10

	
0.54

	
335

